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ABSTRACT
Release of Large Water Droplets
by
Jeﬀrey N. Fonnesbeck, Master of Science
Utah State University, 2022
Major Professor: Tadd T. Truscott, Ph.D.
Department: Mechanical and Aerospace Engineering
Water droplet break-up has been studied extensively but typically focuses on droplets
with radii near the capillary length (≈ 3 mm). Droplets larger than this typically break-up
when their velocity approaches terminal velocity, with larger droplets breaking up well before they reach terminal speeds. Atmospheric scientists have shown that droplets smaller
than the capillary length do not break-up at terminal velocity and have common frequencies
and amplitudes of oscillation as they fall. However, many industrial and natural processes
can form droplets that are larger than the capillary length and understanding how breakup occurs is important for validation of numerical models and break-up theories especially
as ﬂuid properties change. In general, studies involving large droplet break-up are scarce
and part of the reason is the diﬃculty of performing such experiments. Some of the issues
facing these studies are diﬃculties suspending large droplets before release, non-spherical
shapes, inconsistent break-up, diﬃculty of recording data, and lack of repeatability. Herein,
we propose a method to suspend droplets of radii up to 10 mm using a a series of release
mechanisms and release speeds to illustrate the complexity and parameter space for practical solutions to these problems. The research details the eﬀects of release acceleration,
surface geometry and surface features on the initial droplet perturbations. Initial drop perturbations are recorded using high speed video and is used to determine what oscillation
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frequencies and modes are present in the falling droplet. Analysis of the droplet frequencies
and amplitudes reveals ﬁve major mode types. Droplet volume predicts the frequencies
very well in accordance with Rayleigh theory, maximum measured droplet diameter before
release is directly related to maximum deformations and surface features are associated with
these maximum diameters. The best shape and acceleration of release reveal that 10 mm
droplets can be consistently released from wire mesh baskets. This research can be used for
future studies of droplets falling consistently for break-up regime analysis.
(60 pages)
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PUBLIC ABSTRACT
Release of Large Water Droplets
Jeﬀrey N. Fonnesbeck
Water is familiar to all human beings and water droplets are an integral part of our
daily lives. From irrigation sprinklers to waterfalls we can observe the formation of water
droplets. For most, the droplets are so common and mundane that no thought is given
to how the droplets form. Scientists have spent many decades detailing the processes that
lead to droplet formation. Current theories and experiments agree quite well for speciﬁc
cases such as pendant drop formation and jet breakup, but in regards to large volumes
of free falling liquid there is very little experimental work to conﬁrm the theory. This is
due to the diﬃculty of suspending large volumes of liquid in a repeatable way. This paper
details a new method for suspending large volumes of liquid in a repeatable and predictable
way. The paper also describes the initial shapes and behavior the liquid volumes may
inherit from the release method. The new method uses a simple pendulum and hydrophobic
surfaces to suspend large droplets. The hydrophobic surfaces vary from ﬂat solid surfaces to
spherical mesh surfaces. High speed cameras record the droplets which provides the shape
and behavior data. The shapes of the droplets are described as ”modes”. More than one
mode can exist in the droplet at a given time. The amplitude of a mode describes the size
of the mode. The larger the amplitude the more a mode dominates the overall shape of
the droplet. Ideally, the droplet mechanism in this paper would create spherical droplets
or droplets with zero-amplitude modes. A mesh hydrophobic surface produces the most
spherical droplets (i.e., smallest amplitude) for large volumes. The droplets in this paper
range from diameters of 4.0-15.8 mm (0.034-2.08 mL).
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CHAPTER 1
INTRODUCTION
Water droplets are a part of daily life on earth. Whether it is rain or water splashing in a
sink, droplets form, break-up, and coalesce constantly [6]. Droplets form from condensation
and coalescence, such as rain, or from the breakup of bulk ﬂuid, such as a jet or a waterfall.
Regardless of how droplets form they can contain oscillation modes that require time to
dampen out. When large droplets fall they tend to break-up into smaller droplets and the
initial release oscillations and amplitudes can aﬀect the time and type of break-up that
occurs [5].
Falling droplets can have several oscillating mode shapes. Rayleigh ﬁrst derived an
equation to predict the oscillation frequency in 1879 [7]. The mode and shape of droplets
are typically labeled as (n,m). For each n frequency there are m = n + 1 modes. Figures 1.1
& 1.2 shows the typical mode shapes for droplets with diameters between 1-6 mm [7–9].
n = 0 represents the compressibility of the droplet ﬂuid. n = 1 represents the translatory
motion of the droplet as a whole, as in the case that the droplet were a simple pendulum.
Since these can both be ignored the ﬁrst mode of water droplet oscillation is the n = 2
mode [8]. The (2,0) mode oscillates in an elliptical shape in the up-down to a torus in the
left-right direction (left-right illustrated in ﬁgure 1.2). The (2,1) mode oscillates between
upper right - lower left peanut shapes to spheres in between (largest amplitude peanut
shape illustrated in ﬁgure 1.2). The (2.2) mode oscillates between indented ellipses (largest
amplitude illustrated in ﬁgure 1.2). The (3,0) mode is a triangular shape rotated around
a central axis with rounded corners (largest amplitude illustrated in ﬁgure 1.2). The (4,0)
mode oscillates between two sine waves rotated around the central axis with extremes shown
in ﬁgure 1.2.
Despite Rayleigh formulating his equation over 140 years ago, his equation remains
applicable. For instance, atmospheric scientists and others have found that Rayleigh’s
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(2,0)

(2,1)

(2,2)

r0
r0 + 0.3*r0
r0 - 0.3*r0
z
θ

(3,0)

x

(4,0)

Fig. 1.1: Droplet mode shapes in two dimensions for spherical harmonics of droplets 1-6
mm. The mode shapes are labeled as (n, m) with two extreme values and one non-deformed
value.
prediction that frequency is dependent on volume ﬁts well with most (2,0) mode droplet
oscillations [5]. Another formulation that appears frequently in droplet oscillation is Lamb
[10]. Lamb’s formula is similar to Rayleigh’s but allows for viscosity to play a role. Basaran
gives a good overview of the numerical research and frequency breakdown done in droplet
research [11]. Although Lamb and Rayleigh focused on small amplitude oscillations where
surface tension dominates other forces, herein we will show that these formulations hold for
much larger droplets (i.e., 10-20 mm diameters).
As water droplets get larger they have a tendency to break-up (i.e., >6 mm [12],>1cm
[5, 13]). However, the break-up of large droplets can be aﬀected by the amplitude and
oscillation modes that are excited. The oscillations can cause the droplets to break-up
at diﬀerent distances and into diﬀerent sub-droplets depending on the drag, mode, and
amplitude of the droplet motion. Figure 1.3 shows two falling droplets of the same size
at the same distance from release. The droplet released from a curved solid surface (a)
has already broken up into two separate droplets whereas the one released from a mesh
basket remains a single droplet, albeit deformed. These images highlight the importance

3

(2,0)

(3,0)

(2,1)

(4,0)
sin(ωnt)=-1

(2,2)

(4,0)
sin(ωnt)=1

Fig. 1.2: Droplet mode shape extremes in 3D isometric views for spherical harmonics illustrated in ﬁgure 1.1. The modes are labeled as (n, m).
of understanding the role the release mechanism and mechanics play in forming droplets,
especially if accurate break-up behavior is to be determined for large droplets.
One application where large droplet break-up is important is in aerial ﬁre ﬁghting [14].
When ﬁreﬁghters use airplanes to drop water or retardant onto a ﬁre-line, they want the
droplets to be falling vertically, without any horizontal motion, when the water or retardant
lands. Break-up begins when the ﬂuids are released from the plane and a shearing force tears
the bulk into sheets that bag and break-up into various droplet sizes. As the droplets fall
they begin to break-up further. Knowing when and how the larger droplets break-up into
their ﬁnal sizes and when the droplets achieve terminal velocities is important, especially
in the design of future ﬁre retardant ﬂuids and numerical modeling. Most modern aerial
releases use ﬁre retardants that contain Xanthan gum which causes the ﬁre retardant to
be a shear thinning non-Newtonian ﬂuid. The shear thinning behavior of the retardant
allows it to act like paint and to better coat surface fuels. Understanding water break-up
from larger to smaller droplets is an important step towards the same understanding in
non-Newtonian ﬂuids.
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(a)

(b)
1 cm

1 cm

t=157 ms

Fig. 1.3: Two droplets with the same volume 2.08 mL (1.58 cm diameter equivalent) but
released from diﬀerent surface geometries. Both surface geometries were coated with a
superhydrophobic coating (contact angle θc > 160°) (a) was dropped from a 6 inch radius
spherical surface, and (b) was dropped from a small stainless steel mesh basket
The mechanism of water droplet break-up in air is a competition between surface
tension and inertial drag. Because the droplet is unbounded, waves form on the surface
and begin the breakup process. There are many types of breakup (e.g., forward bagging,
backward bagging, etc. [15]) that depend on the speed and size of the droplet as well as
the density and viscosity of the droplet and surrounding ﬂuid. If one were to attempt to
determine at what height a free falling droplet would break-up all of these parameters would
be important in addition to the initial mode shape. As the droplet size is increased these
modes and amplitudes become even more important, as emphasized in Figure 1.3.
Most laboratory droplet studies are performed by making a water droplet from the tip
of a blunt needle. The needle size dictates the size of the droplet, a smaller needle produces
a smaller droplet. However, this method is limited to droplets up to 6 mm in diameter or
so because of the capillary limit. Overcoming this limitation enables us to look at larger
droplets and perform droplet break up studies that are more natural where the terminal
velocity is never reached. Droplets less than 6 mm diameter can reach terminal velocity

5
before the critical breakup speed, whereas, droplets larger than 6 mm may encounter a
critical breakup velocity before terminal velocity. [16] made several mechanisms for droplets
between 0.5 and 20 mm. While they took some images of droplets at the moment of
formation most of their studies focused on the breakup of large droplets [17]. The device
proposed herein is capable of producing even larger droplets with less amplitude at release
and is much simpler in design.
Our preliminary data showed that perturbations from the release mechanism greatly
aﬀected free-fall break-up. For instance, although the frequency of a single large droplet is
dictated by the volume, the mode and phase are not. Therefore, this study focuses on the
eﬀect of the release mechanism on large droplet amplitudes and modes before break-up. In
particular, the surface geometry, surface permeability, speed of release, and size of water
droplets on early release behavior are addressed. The frequencies, modes, and amplitudes of
each parameter are tested and analyzed through image processing that looks at the overall
shape of the droplets in time. The end result is a mechanism with interchangeable geometric
features that can repeatedly form oscillating droplets of varying amplitudes, frequencies and
mode shapes predictably.

6

CHAPTER 2
OBJECTIVES
The hypothesis of this thesis is that the initial perturbations of large water droplets can
be controlled by adjusting the release mechanism surface geometry, surface permeability,
and release acceleration. Based on this hypothesis, the main objectives of this thesis are as
follows:
1. Design and build a novel release mechanism that allows for diﬀerent surface geometry,
droplet size, and surface permeability.
2. Collect high-speed video to determine the mode shape, frequency, and amplitude of
early droplet free fall based on the parameters of the release mechanism.
3. Determine the surface geometry and surface permeability that reduce the number of
modes and reduce the amplitudes present in early droplet free fall.
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CHAPTER 3
APPROACH
A diagram of the experimental setup is shown in Figure 3.1. A water droplet is placed
on the release mechanism perpendicular to four high-speed cameras with overlapping views
so that the water droplet and mechanism can be ﬁlmed. The mechanism is released and
accelerates faster than gravity can accelerate the droplet, causing the droplet and mechanism
to separate. The cameras capture images that are then post-processed.

3.1

Images
The droplets are recorded using four Photron SA3 cameras mounted on a single rail of

double-wide 80-20 extruded aluminum (Figure 3.1a). Each camera is equipped with a 105
mm macro lens. The videos are recorded with the Photron Fastcam Viewer 3 software. The
cameras are all synchronized to a single trigger. The cameras are set at 3000 fps or 5000
fps. The frame rate of the cameras are dependent on the resolution of the frames being
captured. For the 3000 fps case the camera resolution is 256x1024 px. For the 5000 fps
case the resolution is 192x1024 px. The cameras are set to have a shutter speed of 1/7500
sec. The droplets are back lit by an LED light bank. Calibration images are taken using a
transparent ruler (not shown).

3.2

Release mechanism
The droplet surfaces are ﬁxed to a large radial ball bearing hinge (Figure 3.1b). The

hinge works well because anything outside of the center of gravity of the hinge will accelerate
faster than gravity. The hinge has a hook that allows for springs or elastics to be attached to
increase the acceleration of the drop mechanism. The hinge has an electric solenoid release
mechanism so that consistent releases occur. The release mechanism is synchronised with
the camera record start trigger.
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(a)

Drop Mechanism

(b)
Solenoid

Camera 1

Sync Cable

Trigger Cable

Ball Bearing Hinge
Camera 2

Camera 3

Drop Surface

Spring or Elastic
Attachment Point

Camera 4

Light Bank

Fig. 3.1: A simpliﬁed view of the experimental setup. (a) The cameras are setup to overlap
ﬁelds of view to capture the droplet falling, camera 1 receives the trigger and syncs the
other 3 cameras. Back-lighting is used to illuminate the scene. The total view height seen
by all the cameras is 1 m and the height viewed by each camera is 0.3 m. (b) An expanded
view of the drop mechanism from the camera viewpoint in (a). The entire mechanism is
mounted to a large table that isolates the mechanism from vibrations. When the solenoid is
triggered a latch holding the droplet surface arm is released and falls away from the droplet.
The speed of release is controlled by the spring/elastic attachment.
3.3

Droplets
The droplets are made of distilled water with blue food coloring added to provide

contrast that makes image processing easier. The food coloring has negligible eﬀects on the
surface tension and viscosity of the room temperature water (≈ 20°C). Laboratory pipettes
were used to measure the droplets in this study. The droplet sizes and their uncertainties can
be seen in Table 3.1. The volumes were converted to equivalent diameter using Equation 3.1.
A plot of volume vs diameter can be seen in Figure 3.2.
Å
deq =

3.4

6V
π

ã1/3
(3.1)

Droplet surfaces
The droplets were suspended on diﬀerent geometric surfaces. The solid surfaces were

made from aluminum cylinders 2 in. (5.08 cm) in diameter. The solid surfaces were turned
on a lathe to produce ﬂat, spherical, and conical shapes. Side proﬁles of each shape are
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Table 3.1: Droplet volumes and their equivalent diameters that appear in this study. Mode
shapes are labeled (n,m) but Rayleigh predicted frequencies only depend on n.
Volume (mL)

Equivalent
Diameter (mm)

0.034
0.125
0.27
0.52
2.08

4.0
6.2
8.0
10.0
15.8

Rayleigh
Frequency (Hz)
n = 2, 3, 4
42, 82, 128
22, 43, 67
15, 29, 45
11, 21, 33
5, 11, 16

Uncertainty

±3.25%
±3.25%
±1.0%
±1.0%
±4.0%

30

25

Diameter (mm)

20

15

10

5

0
10-3

10-2

10-1
Volume (mL)

100

101

Fig. 3.2: A simple plot for reference showing equivalent droplet diameters as a function of
initial droplet volume. The + signs in the ﬁgure represent the volumes used in this study.
presented in Figure 3.3. The spherical shapes are deﬁned by a radius of curvature (R). The
conical shapes are deﬁned by the angle of opening (β). The surfaces were also polished to
produce a very smooth ﬁnish. The mesh surfaces were made using various stainless steel
meshes that were framed by aluminum rings. The mesh was pressed into spherical and ﬂat
shapes as shown in ﬁgure 3.4. A list of each shape, acceleration, porosity, maximum droplet
resting radius (rm ), and contact length (lc ) is found in Table 3.2. Each shape was treated
using Glaco Mirror Coat Zero and then cured in an oven for 30 minutes at a temperature
between 250°C and 300°C. According to Vakalreski et al. [18], repeating the coating and
oven procedure twice creates a surface with a contact angle greater than 160°.
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rm

rm

rm

R

ß

ℓc

ℓc

ℓc

Fig. 3.3: Three cross sectional views of the solid surfaces used in this study. All surfaces
are treated with Glaco Mirror Coat Zero to have contact angles >160°.
An important parameter that arises is the length of contact (c ) the droplet makes with
the surfaces. c for a conical surface can be calculated using Equation 3.2. c for a spherical
surface can be calculated using Equations 3.3 and 3.4.

c =

rm
sin(β)

c = Rα

α = sin−1

3.5

(3.2)

(3.3)

r 
m

R

(3.4)

Image processing
The images are processed using MATLAB. The code ﬁnds the droplet edges to subpixel

accuracy and records the outline of the droplet for all images [19]. In each image the droplet
outline values are converted into cylindrical coordinates (R and θ) using the centroid of the
droplet outline as the center of the coordinates. The outline is separated into 2π/Nbins
as shown in Figure 3.6(a). For each bin, the outline pixel values are averaged to form a
bin radius value at that time step. The mean radius of the entire time series (Rmean ) is
subtracted from the R value at that location so that the frequency analysis is zero shifted.
This is similar to subtracting the radius of the spherical droplet to plot only the variation
from that radius. A single radial value versus θ is plotted in Figure 3.6(b) with the colors
of the vertical lines corresponding to the position of θ in (a).
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a)

b)

SS20

Small Sink

1 cm

c)

d)

2 in R

Circular

Øw

e)

Pitch

f)

Øh

Δm

Fig. 3.4: Cross sectional views of the mesh surfaces a-d (scale bar shown). The mesh
porosity is calculated from the wire diameter (Øw ) and spacing (Δm ) in e). The porosity
of d) is shown in f), where Øh is the diameter of the holes where porosity is calculated by
total area. a&c) Øw = 0.3mm, Δm = 1.3 mm; b) Øw = 0.2 mm, Δm = 1.0mm; d) Øh = 1.5
mm,

(a)

(b)

(c)

(d)

Fig. 3.5: A set of images that show the image processing steps. (a) Step 1: cropped RAW
image from a 2.08 mL (16 mm) free falling droplet of water released from a mesh surface
at t= 150 ms. (b) Step 2: background subtraction. (c) Step 3: square all pixel values and
threshold to binarize image. d) Step 4: The outermost white pixels mark the edge and the
area centroid is marked as a white +.
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Table 3.2: Geometries, accelerations, surfaces and resulting droplet sizes used in this study.
Name

Shape

Acceleration

Porosity

(m/s2 )
Flat
Puck
Flat
Mesh

Flat

13, 40

1

Flat

19, 48

0.48

4dC

β = 86◦

14, 32

1

15dC

β = 75◦

22, 52

1

25dC

β = 65◦

11, 30

1

6inR

R = 122.74 mm

13, 33

1

2inR

R = 38.10 mm

15, 40

1

0.4inR
2inR
Mesh
Sink
Mesh
SS20
Mesh
Circular
Mesh

R = 10.16 mm

11, 30

1

see Fig. 3.4

19, 60

0.48

see Fig. 3.4

15, 47

0.29

see Fig. 3.4

19, 47

0.48

see Fig. 3.4

19, 47

0.59

rm (mm)

c (mm)

2.08, 3.54, 4.83,
6.42, 11.83
2.10, 3.44, 4.72,
6.27, 11.74
2.10, 3.48, 4.78,
6.26, 11.79
2.04, 3.45, 4.68,
6.11, 11.63
2.10, 3.42, 4.60,
5.96, 10.63
2.12, 3.50, 4.78,
6.28, 11.90
2.08, 3.49, 4.72,
6.20, 11.38
2.38, 3.39, 4.70,
5.95, 12.19
1.98, 3.19, 4.34,
6.06, 10.88
2.18, 3.32, 4.32,
5.73, 9.25
2.01, 3.39, 4.52,
5.59, 9.48
2.14, 3.59, 4.91,
6.39, 10.94

2.08, 3.54, 4.83,
6.42, 11.83
0.18, 0.18, 0.18,
0.18, 0.18
2.10, 3.49, 4.80,
6.27, 11.82
2.11, 3.57, 4.85,
6.32, 12.04
2.32, 3.77, 5.08,
6.57, 11.72
2.12, 3.50, 4.78,
6.28, 11.92
2.09, 3.50, 4.73,
6.22, 11.55
2.41, 3.46, 4.88,
6.36, 17.99

0.18
0.10
0.18
1.00

These radial bin values form a time series signal for each theta value and are plotted in
Figure 3.7(a) with θ vs. time and the colors representing the radial values. In Figure 3.7,
the yellow peaks and blue valleys reveal a droplet that is deforming through at least one
cycle of waves in 500 ms. The radial values for all times are processed using the fast fourier
transformation (FFT) function in MATLAB. The FFT reveals the frequency content of
each θ (i.e., bin) in Figure 3.7(b). The ﬁgure shows that the dominant frequency for this
droplet oscillation is 2.05 Hz.
During image processing the axis ratio is also calculated for each time step. The axis
ratio in this study is the maximum height a divided by the maximum width b, as seen in
Figure 3.8. In this study the maximum deformation is the same as a.
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(a)

(b)
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1
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-1
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0
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1

2
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Fig. 3.6: (a) shows the pixel outline of a 2.08 mL droplet at time 40.2 ms after release
plotted in the X-Y plane. The colored radial lines in (a & b) represent the number of bins
Nbins or θ measured from (x, y) = [(0, 0)(40, 0)] and color coded to show the relationship
between x & y and R & θ. All pixels in a bin are averaged to form the R value for that bin
shown with the red stars.

(a)

(b)

Fig. 3.7: (a) Contour plot of θ versus time for the entire time series of the droplet described
in Figure 3.6 (2.08 mL droplet, stainless steel mesh). (b) Frequencies of each θ value in (a)
for all times with the contour colors representing the amplitude of the frequencies.
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a

b
Fig. 3.8: Line drawing of a two-dimensional droplet. Axis ratio is measured as ab . In this
study the measured axis ratio average is typically > 1. As the droplet falls and increases in
velocity the axis ratio should decrease to < 1.
3.6

Expected Outcome Based on Simulation
An inviscid droplet oscillation can be simulated to give a reasonable estimate of what

the droplet frequency and amplitude contours would ideally look like.The Rayleigh frequency (ωn , Equation 3.6) is a good estimate of these frequencies, where P(n,m) are Legendre polynomials and are speciﬁc to each mode [20]. Equations (3.7-3.11) show the Legendre
polynomials for the ﬁve modes we consider (2,0 2,1 2,2 3,0 & 4,0), respectively [21]. Although water does have viscosity and the droplets in this paper do have a viscous dampening
eﬀect the inviscid simulation has a strong resemblance to the droplets observed in this paper.
Figure 3.9 shows the time series oscillation shapes of a 0.125 mL droplet for all ﬁve mode
types of chapter 1 as well as the three major modes combined (2,0 3,0 & 4,0). Figure 3.10
shows the frequency spectra of the same simulated droplets.
ωn2 =

n(n − 1)(n + 2)σ
ρw a30

rn,m (t, θ, φ) = a0 + A sin(ωn,m t)Pn,m (cos θ) cos(mφ)

(3.5)

(3.6)
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P2,0 (cos θ) =

(3.7)

P2,1 (cos θ) = 3 sin(θ) cos(θ)

(3.8)

P2,2 (cos θ) = 3 sin2 (θ)

(3.9)



1
cos(θ) 5 cos2 (θ) − 3
2

(3.10)


1
35 cos4 (θ) − 30 cos2 (θ) + 3
8

(3.11)

P3,0 (cos θ) =

P4,0 (cos θ) =

3.7


1
3 cos2 θ − 1
2

Repeatability
Each experimental test was repeated at least twice to verify that similar results were

being achieved for each test case. Figures 3.11 & 3.12 show three repeated drop cases. In
each image set the frames are chosen from the same time after release and the droplet shapes
look nearly identical in each image set. The quantitative measurements in the contour plots
show high degrees of similarity as well indicating how repeatable the experiment is. This
was veriﬁed for all cases and they are all as similar as the ones presented here. In particular,
Figure 3.11 shows a droplet splitting into two large droplets (53.8 ms) and then re-coalescing
(100.6 ms) in a repeatable manner. In the contour plots that follow the droplet breakup is
evident by the immediate change in contour proﬁle between 50 and 90 ms.

16

Fig. 3.9: The geometric evolution of a simulated 0.125 mL inviscid droplet. For all of the
single frequency oscillations the max and min amplitudes are 0.2*req . The combined mode
simulation has the same amplitudes as the 15°cone surface geometry with a rubberband
attached.

17

Fig. 3.10: The frequency spectra of a simulated 0.125 mL inviscid droplet. For all of the
single frequency oscillations the max and min amplitudes are 0.2*req . The combined mode
simulation has the same amplitudes as the 15°cone surface geometry with a rubberband
attached.
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a)

b)

c)

aa)

1 cm

t =7 ms

53.8

100.6

7

53.8

100.6

7

53.8
bb)

100.6

147.4

194.2

1 cm

147.4

194.2

147.4

194.2

1 cm

cc)

Fig. 3.11: The ﬁgure above shows the repeatability of the drop mechanism. In each of these
three separate cases a 0.52 mL droplet was released from the circular mesh. In each case
the droplet split into two droplets and then coalesced to form one drop. aa)-cc) show the
geometric evolution of the droplets measured in time vs. θ (see ﬁgure 3.6).
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a)
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t =7 ms
b)

c)

53.8

100.6

147.4

194.2
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7

53.8

100.6

147.4

194.2

7

53.8

100.6

147.4

194.2

1 cm

Fig. 3.12: The ﬁgure above shows the repeatability of the drop mechanism. In each of these
cases a 2.08 mL droplet was released from the small sink mesh. aa)-cc) show the geometric
evolution of the droplets measured in time vs. θ (see ﬁgure 3.6).
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CHAPTER 4
RESULTS
Many diﬀerent surface geometries were tested to reduce the initial perturbations when
dropping a large droplet (Table 3.2). The droplet volume, acceleration, and surface geometry play the largest roles in determining the deformation. Droplet volume determines the
frequency, while acceleration and surface geometry aﬀect the elongation or amplitude. Surface geometry aﬀects the static rm value for a given droplet volume, which is proportional
to the amplitude of elongation. Mesh drop surfaces can be used to suspend larger droplets
than solid surfaces and reduce rm . A hydrophobic coated stainless steel sink strainer suspended the largest droplets. Finally, increasing initial drop deformation leads to more active
oscillation frequencies.

4.1

Droplet Motion
Figure 4.1 shows a single volume of water being dropped from the 75°cone surface.

The image sequence starts at the time that the bottom of the droplet can be seen no
longer in contact with the surface. For the non-ﬂat surfaces there is a small amount of
time that passes between initial drop separation and t0 . These times cannot be determined
since the surfaces are opaque. Each frame of the image sequence represents the oscillation
frequency quarter period. This is so that the droplet can be observed oscillating between
the maximum amplitude, through a transition phase to the minimum amplitude, and then
back through transition to the maximum amplitude. These periods are dependent on the
droplet volume and can be calculated very closely to measured values using the Rayleigh
equation for droplet oscillation (Equation 3.5). Tsamapoulus and Brown showed that at
large oscillation amplitudes a decreasing frequency shift occurs [22]. The frequency shift
is noticeable in the image sequence and explains why the droplet does not perfectly line
up with the quarter period. Also it should be noticed that while the droplet is centered
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in each frame of the image sequence the droplet is free falling through ambient air. The
droplet is axisymmetric about a vertical line. This suggests the rotational motion of the
drop mechanism imparts minimal rotational acceleration to the droplet and the release angle
of the drop mechanism is small. The droplet is not symmetrical about a horizontal line.
This suggests that the droplet has at least an n=2 & 3 mode excited in it with signiﬁcant
amplitudes. The n=3 mode can be seen in the image sequence causing the droplet to have
triangular characteristics as at t=215.8 and 232.4.

4.2

The Eﬀect of Volume
Droplet size has the largest eﬀect on drop deformation. As the volume of the droplet

increases, the droplet will spread out wider on a ﬂat surface. This spreading of the ﬂuid
means a large droplet is deformed more than a smaller droplet on the same geometry.
Figure 4.2 shows the diﬀerences that increasing volume can have on droplet deformation.The
droplets in each row can be seen oscillating from a maximum deformation, in column 1 of
the ﬁgure, through a transition phase in column 2, to a minimum deformation in column
3. The droplets then go through a transition phase in column 4 back to the maximum
deformations in column 5. The droplets in a) and b) return to shapes that are very similar
to their starting shapes. However in row c) the droplet is beginning to exhibit some higher
amplitude secondary frequencies. This is seen to a greater extent in rows d) and e) as
the surface tension dominates less and less. The axis ratios for Figure 4.2 can be seen
in Figure 4.3. The axis ratios reveal an overall period of oscillation that decreases with
increasing volume. The higher frequencies dampen out more as time passes making the
response more smooth as well. The discontinuities in the largest volume axis ratio line are
caused by the droplet falling through two separate camera views (i.e., t = 0.08, 0.15, 0.21
s).
For small droplets (<6 mm equivalent diameter) surface tension dominates and although multiple frequencies can be excited, droplet breakup caused by the drop mechanism
is rare. Droplets exceeding an axis ratio of 3 tend to breakup as seen in Figure 4.4. For
large droplets (>6 mm equivalent diameter) multiple frequencies are observed and the drop
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1 cm

t=0 ms

16.6

33.2

49.8

66.4

83

99.6

116.2

132.8

149.4

166

182.6

199.2

215.8

232.4

249

282.2

298.8

265.6

Fig. 4.1: Time series image sequence of a 0.27 mL droplet released from a 15°cone (β=75°)
with a rubberband attached. The times were selected based on the Rayleigh frequency for
a 0.27 mL droplet, ≈15 Hz. The ﬁrst column should be maximum amplitudes. The second
column a transition to the minimum amplitudes in the third column. The fourth column
should be a transition back to the maximum amplitudes. As seen the images appear to be
phase shifted suggesting that the actual frequency is closer to a measured frequency of 13.6
Hz.
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mechanism can cause breakup of the droplet. Larger droplets also take more time for
waves to pass through them, thus increasing the period of oscillation (i.e., increased volume
decreases the frequency).
Figure 4.5 shows the frequency of the largest amplitude (i.e., 2,0 mode) from the
droplets in this study. The Rayleigh frequency (n = 2) is plotted as a line with several
other studies included. The strong dependence of frequency on deq (i.e., volume) holds
for small droplets of this study and others, as well as the larger droplets of this study.
Figures 4.6 & 4.7 reveal that even the higher frequencies but smaller amplitudes of modes
(n = 3) and (n = 4), respectively, hold well for the larger droplets of this study too, though
there is some variation to be expected as the droplets become extremely large (i.e., > 10
mm).

4.3

Geometry
The surface geometry has a signiﬁcant impact on the deformation of the droplet. For a

given droplet volume and surface treatment, a ﬂat surface will allow the droplet to spread to
a maximum before release (rm ), where the cone or spherical radius will make for a smaller
rm . This means that when the platform drops out from underneath the droplet, there is
already a signiﬁcant amount of deformation in the droplet that surface tension is able to
modify. The geometry of the surface has a more noticeable eﬀect in the solid surface tests,
but the eﬀects are still visible in the mesh surfaces. Figure 4.8 shows how max deformation
increases as rm increases. Decreasing the rm of a droplet prior to release is an important
consideration when suspending large droplets with the intent of reducing breakup.
Considering the reduction of rm the ideal way to minimize droplet release amplitude,
one might think that a hemispherical surface with a radius equivalent to req would be ideal.
However, surface tension is not suﬃcient to hold a very large droplet in a spherical shape,
therefore the ﬂuid above the equatorial line of the droplet wants to spread outside of the
hemispherical shape. Thus, the surface shape must have a radius of curvature greater than
req . Further, the length of contact between the droplet and surface increases with the
surface curvature requiring more water-surface contact removal (lc ). Another issue arises
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Fig. 4.2: Five diﬀerent volumes of liquid dropped from a solid ﬂat surface with no band
attached. a) 0.34 mL b) 0.125mL c) 0.27mL d) 0.52mL e) 2.08mL
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Fig. 4.3: The axis ratios plotted in time for the cases shown in Figure 4.2. Each axis ratio
series has the series averaged axis ratio value subtracted so that the values are centered
around zero. The amplitudes increase with increasing volume while the frequencies decrease
with increasing volume. The camera overlapping is obvious in the 2.08 mL case because the
2.08 mL droplet was elongated beyond the ﬁeld of view of the second and third cameras.
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Fig. 4.4: Measured axis ratio maximums plotted against req . Red symbols are cases with no
rubberband attached, black symbols are cases with a rubberband attached. The magenta
’x’ represents cases that break up.
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Fig. 4.5: The measured n=2 frequencies plotted with the Rayleigh predicted frequency line
for n=2. Previous studies data is also included and plotted here for reference. [1–5]
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Fig. 4.6: The measured n=3 frequencies plotted with the Rayleigh predicted frequency line
for n=3.
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Fig. 4.7: The measured n=4 frequencies plotted with the Rayleigh predicted frequency line
for n=4.
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more prominently on the conical shapes where the angle of the cone increases the critical
contact angle which makes it more diﬃcult for the droplet to detach from the surface. This
also occurs with spherical surfaces when the equivalent radius of the droplet is close to the
radius of curvature of the surface. Increasing lc can result in elongation of the droplet, thus
defeating the purpose of adding curvature to reduce rm .
Figures 4.9-4.11 show the eﬀects of geometry on initial droplet formation. Figure 4.9
compares the response of a 2.08 mL droplet slowly released from a ﬂat and three axisymmetric radial surface geometries while ﬁgure 4.10 compares the response of a 2.08 mL droplet
slowly released from three conical surface geometries. Finally, ﬁgure 4.11 compares the
response of a 2.08 mL droplet slowly released from ﬁve mesh geometries. While the ﬂat
puck shape in Figure 4.9 and ﬂat mesh shape in Figure 4.11 may have the largest max
deformations it appears that the the 0.4inR surface in Figure 4.9, the 25°Cone in Figure 4.10, and the Circular mesh in Figure 4.11 have the most severe pinching/dumbbell
shape. These pinching shapes are a stronger indication of earlier break up. The droplet
seen in ﬁgure 4.9d) exhibits a rotated line of vertical symmetry which suggests this droplet
got ”stuck” in the support geometry thus increasing the time to release and the time that
the droplet experienced the rotational acceleration of the drop mechanism. Thus, it seems
that increased lc may cause earlier breakup in the way the droplet is released from the
surfaces. The ﬂat mesh and ﬂat puck surfaces produce very similar droplet deformations
which can also be seen in Figure 4.8. The deformations exhibited by the 0.4inR surface and
the 25°cone surface suggest that rm alone cannot predict potential deformation.
One of the most important aspects of the geometry considerations is that there are
shapes that perform better than others in keeping large droplets intact. In particular,
the small sink mesh of ﬁgure 4.11c) is particularly well suited to the 2.08 mL droplet and
keeping it spherical. As it relates to objective 2, the small sink mesh is the best performer
for obtaining a spherical large droplet release.
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Fig. 4.8: Measured radii plotted against the max deformation for all of the test cases. The
capillary length is 2.7 mm for water. Red symbols are cases with no rubberband attached,
black symbols are cases with a rubberband attached.

30

a)

Flat Puck

1 cm

t =0 ms
b)
1 cm

23

46

23

46

23

46

69

92

69

92

2 in R
1 cm

0
d)

46

4.8 in R

0
c)

23

69

92

0.4 in R

1 cm

0

69

92

Fig. 4.9: 2.08mL released at a slow speed(no band) from many diﬀerent solid geometries.
a) solid ﬂat surface b) 6 in. radius c) 2 in. radius d) 0.4 in. radius
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Fig. 4.10: 2.08mL released at a slow speed(no band) from many diﬀerent solid conical
geometries. a) 4°cone b) 15°cone c) 25°cone
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Fig. 4.11: 2.08mL released at a slow speed(no band) from many diﬀerent mesh geometries.
a) ﬂat mesh b) 2 in. radius c) small sink strainer d) circular sink strainer e) conical mesh
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4.4

Eﬀects of Surface Features: c and Porosity
For a 2.08 mL droplet the drop surface that produces the most spherical droplet is

the sink mesh seen in Figure 4.11. The question that is apparent is why does a mesh surface produce a clean spherical droplet while a solid surface produces a dumbbell/elongated
droplet. The mesh surface reduces the c and therefore reduces the surface tension force
holding the droplet to the drop surface. By reducing c , a drop surface with rm ≈ req can
be used to suspend the droplet. These eﬀects can also be seen in the 2inR and SS20 mesh
surfaces in Figure 4.11. Both the 2inR and SS20 mesh surfaces have small c and small
porosity as seen in Table 3.2. The porosity and c of circular mesh are relatively larger than
the other meshes despite having a nice spherical shape, which may explain why the droplets
released from the circular mesh look similar to droplets released from solid surfaces.

4.5

Drop Mechanism Acceleration
In this study the drop mechanism was allowed to fall under gravitational acceleration

and with a spring force attached to the mechanism. When falling under gravitational acceleration the drop surface would accelerate at values between 10-15 m/s2 . The acceleration
depends on the mass of the drop surface. The mesh surfaces tended to have higher accelerations than the solid surfaces under freefall conditions due to the mesh surfaces having less
mass than the solid surfaces. When the rubberbands were attached, the spring force of the
bands typically caused the mechanism acceleration to be at least double the no rubberband
cases. Figure 4.12 shows the diﬀerences in drop shape caused by two accelerations of the
same size droplet on a solid ﬂat surface. One obvious diﬀerence is that the droplet b) broke
up due to the drop mechanism. Another diﬀerence is that the axis ratio(AR) of a) remains
nearly constant for the duration of the image sequence while the AR of b) is elongating
after release.
Figures 4.13-4.15 show the eﬀects of increased acceleration on the other drop surfaces.
For all of the solid surfaces in Figures 4.13 & 4.14 the droplets break up. The 25°cone
and 0.4inR surfaces show the droplet enlongating and breaking up the most. Strangely,
the higher accelerating mesh surfaces tend to exhibit more spherical shaped droplets after
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a) 1 cm

b)

t =0 ms

23

46

69

92

0

23

46

69

92

1 cm

Fig. 4.12: A 2.08 mL droplet released from a solid ﬂat surface with platform a) slow speed(no
band) and platform b) high speed (rubberband).
release than when they have lower accelerations. This is one area to be investigated further.
One possible explanation is that by increasing the line of contact the initial perturbation
impulse is increased. The initial impulse is caused by the diﬀerences of the acceleration of
the drop surface and the freefalling droplet. Since detachment times are roughly the same
between the no band drops and the rubberband drops, the rubberband drops have a larger
acceleration diﬀerence which would create a larger initial impulse. Lundgren and Mansour
did a numerical investigation on droplet shape with an increasing initial perturbation [23].
The outlines found in Lundgren and Mansour agree with the droplet shapes that formed
from the solid surfaces with rubberbands attached.
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Fig. 4.13: 2.08mL released with a rubber band attached from many diﬀerent solid geometries. a) solid ﬂat surface b) 6 in. radius c) 2 in. radius d) 0.4 in. radius
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Fig. 4.14: 2.08mL released with a rubber band attached for many diﬀerent solid conical
geometries. a) 4°cone b) 15°cone c) 25°cone
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Fig. 4.15: 2.08mL released with a rubber band attached for many diﬀerent mesh geometries.
a) ﬂat mesh b) 2 in. radius c) small sink strainer d) circular sink strainer e) conical mesh
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4.6

Oscillation Modes
Figures 4.16 & 4.17 show the contours for each test case with Figure 4.16 having no

spring attached and Figure 4.17 having a spring attached. For all cases, fewer colors present
means less variation or a more spherical droplet. For the no band cases in Figure 4.16 the
0.034 mL cases are similar across each of the solid geometries. This is due to surface
tension dominating. However for these small volume droplets the mesh geometries seem
to be causing more variation. This is likely due to the mesh open areas being similar to
the drop diameters and causing signiﬁcant distortions relative to the small droplets. Mesh
eﬀects diminish as the droplets increase in size. These surface distortions also tend to
dampen out quickly in large droplets where the surface distortion frequencies are much
higher than the dominant (2,0) and (3,0) modes.
The 0.034 mL Circular Mesh case in Figure 4.16 appears to have a rotational component
in its oscillation behavior. This can be seen in the contour data as the peaks shifting to
the left slightly for each oscillation period. The rotational eﬀects show up on the frequency
spectra plots as a wider peak at a speciﬁc frequency, as seen in Figure 4.18. For the 0.034
mL cases in Figure 4.17 a few diﬀerences are apparent in comparison to the cases seen in
Figure 4.16. Most notable are the yellow peaks that are now seen in the 25°Cone, 2inR
Mesh, and the Circular Mesh cases. The yellow peaks suggest that more modes with larger
amplitudes have been excited when the acceleration is increased. Rotation eﬀects are more
visible for the Circular Mesh case and begin to appear for the 2inR Mesh and 25°Cone cases.
In comparison of Figures 4.18 and 4.18 its clear to see increasing acceleration increases the
amplitude of the (2,0) mode. Acceleration also increases the amplitude of the (3,0) mode
seen at ≈ 80 Hz in the 0.034 mL cases. Based on the frequency spectrum it appears that
the Flat Puck and Flat Mesh cases perform the best for the 0.034 mL (d=4.0 mm).
There is more shape variation as the droplets become larger, which means there are
more modes and higher amplitudes of those modes. The variations are exaggerated in the
higher acceleration cases. For the 0.125 mL (6.2 mm) cases the contour plots in Figure 4.17
show the 25°Cone and 2inR Mesh have the largest elongations. The frequency spectra
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suggest that the Flat Puck or 2inR Solid geometries perform the best for 0.125mL droplets.
In addition, the 0.27 mL (8mm) cases behave similarly to the 0.125 mL cases. The notable
diﬀerence is that the Circular Mesh is particularly ill-suited for the 0.27 mL droplet size.
The frequency spectra show that at this size the Sink Mesh geometry begins to be the best
choice for reducing droplet deformation. The 0.52 mL (10 mm) cases are the ﬁrst where
droplet breakup is caused by the drop mechanism. While no droplet breakup is seen for
the low acceleration cases, the high acceleration cases have breakup for the 25°Cone and
Circular Mesh geometries.
Another interesting observation is that the frequency response for the 2inR Mesh, Sink
Mesh, and SS20 Mesh are nearly identical for both the low and high acceleration cases. This
is diﬀerent than the solid surface geometries where the higher acceleration cases produce
more modes and amplitude.
The 2.08 mL (15.8 mm) low acceleration cases break up only in the Flat Mesh, 0.4inR
and Circular Mesh surfaces. The performance of each droplet with respect to the frequency
and lowest amplitudes are expressed in Table 4.1. The best performance comes from the Sink
mesh and SS20 mesh. The stretched band cases in Figure 4.17 show higher accelerations
cause more deformation in the solid surface cases, with all of the high acceleration solid
surface droplets breaking up at initial release. A speciﬁc consideration for these largest
droplets is the long observation times needed to get accurate frequency measurements. For
the 2.08 mL droplets only one complete oscillation could be recorded with our setup. This
lack of oscillation data aﬀects the quality of the FFT algorithm. Future work would include
methods to increase the observation time of a single droplet.
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Fig. 4.16: Contour plots of all test cases in this study. All cases had no rubberband attached
when released.

41

Fig. 4.17: Contour plots of all test cases in this study. All cases had a rubberband attached
when released.
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Fig. 4.18: Frequency spectra plots of all test cases in this study. All cases had no rubberband
attached when released.
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Fig. 4.19: Frequency spectra plots of all test cases in this study. All cases had a rubberband
attached when released.
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4.7

Summary
The work presented here shows promise for optimizing the release of droplets larger

than the capillary length, in a way that minimizes the initial perturbations of release. The
frequency spectra and contour plots show that the Sink Mesh produces the most spherical
droplets for the large volumes (>0.52 mL). For the smaller droplet sizes the optimal surface
geometries depends on the size of the droplet, meaning that there is a relationship between
geometric surface shape and droplet diameter. Future work could include determining if
a single optimal surface geometry could exist for all droplet sizes, or customized droplet
release shapes for each droplet volume.
Table 4.1: Droplet volumes and their equivalent diameters compared to experimental values.
The Rayleigh formula can predict frequency content but not amplitude. The dominant
frequency and amplitude for spherical droplets is n = 2 and is the major contributor to the
shape in time.
Volume, (mL)
Diameter (mm)
0.034, 4.0
0.125, 6.2
0.27, 8.0
0.52, 10.0
2.08, 15.8

Rayleigh
Frequency (Hz)
n = 2, 3, 4
42, 82, 128
22, 43, 67
15, 29, 45
11, 21, 33
5, 11, 16

Observed
Frequency (Hz)
n = 2, 3, 4
44, 81, 125
22, 43, 67
13, 31, 47
11, 18, 33
4, 11, 18

Smallest
Amp/Dia (%)
n = 2, 3, 4
11.8, 1.8, 0.8
22.5, 1.0, 1.3
23.9, 3.1, 1.7
43.5, 11.7, 3.9
26.5, 4.8, 3.2

Geometry,
Acceleration
Flat Puck, low
2inR Solid, low
Sink Mesh, high
Sink Mesh, high
Sink Mesh, high
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CHAPTER 5
CONTRIBUTIONS AND FUTURE WORK
A novel release mechanism was designed and built that could repeatably release droplets
up to 2 cm in diameter from many diﬀerent surface geometries. The release mechanism allowed for the exploration of the surface geometry eﬀects on the initial droplet perturbations.
The mechanism also allowed for diﬀerent drop release accelerations to be tested.
Four high-speed cameras captured video of each droplet falling. The cameras were
aligned vertically to allow for a longer observation window of the falling droplets. All
test case videos were compiled and post-processed using MATLAB to reveal the frequencies, mode shapes, and amplitudes present in the recorded droplets. A few simple inviscid
droplet simulations were produced from the Rayleigh droplet oscillation frequency [8]. The
simulations aid in explaining how and what frequencies/modes are present in the droplets
from the experiment.
The study showed that changing the geometry and acceleration of release of the droplet
aﬀects amplitude and frequency. The goal was to develop surfaces that could reduce the
amplitudes of the release such that the droplets remain spherical for longer times. The
study showed unique optimal surface geometries exist for a given droplet volume. For
larger droplets (≥0.52 mL) the best drop surface is a Sink mesh geometry. The mesh
geometry allows for the rm of the droplet to be nearly identical to the req of the droplet.
This is possible because the mesh geometry reduces the c between the droplet and surface
geometry. Reducing only rm without reducing c , as is the case for solid surface geometries,
will cause droplet breakup. For smaller droplets the best surfaces varied and are shown in
Table 3.1.
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In general, this method enables more canonical studies of droplets that are much larger than the
capillary length to be performed. In past studies surface tension limited the droplet formation and
thus droplet study sizes, here we can reproduce droplets larger than the capillary length where
surface tension is no longer dominant. This allows unique opportunities to study how larger
ﬂuid bodies breakup, collapse, bounce, splash, etc.
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[15] Kékesi, T., Amberg, G., and Prahl Wittberg, L., “Drop deformation and breakup,”
Vol. 66, pp. 1–10.
[16] Magarvey, R. H. and Taylor, B. W., “Apparatus for the Production of Large Water
Drops,” Vol. 27, No. 11, pp. 944–947.
[17] Magarvey, R. H. and Taylor, B. W., “Free Fall Breakup of Large Drops,” Vol. 27,
No. 10, pp. 1129–1135.
[18] Vakarelski, I., Chan, D., and Thoroddsen, S., “Leidenfrost vapour layer moderation of
the drag crisis and trajectories of superhydrophobic and hydrophilic spheres falling in
water.” .
[19] Trujillo-Pino, A., Krissian, K., Alemán-Flores, M., and Santana-Cedrés, D., “Accurate
subpixel edge location based on partial area eﬀect,” Vol. 31, No. 1, pp. 72–90.
[20] Pruppacher, H. and Klett, J., “Hydrodynamics of Single Cloud and Precipitation Particles,” Microphysics of Clouds and Precipitation, edited by H. Pruppacher and J. Klett,
Springer Netherlands, pp. 361–446.
[21] Arfken, G. B. and Weber, H. J., “12 - LEGENDRE FUNCTIONS,” Mathematical
Methods for Physicists (Fourth Edition), edited by G. B. Arfken and H. J. Weber,
Academic Press, pp. 693–765.
[22] Tsamopoulos, J. A. and Brown, R. A., “Nonlinear oscillations of inviscid drops and
bubbles,” Vol. 127, No. -1, pp. 519.
[23] Lundgren, T. S. and Mansour, N. N., “Oscillations of drops in zero gravity with weak
viscous eﬀects,” Vol. 194, No. -1, pp. 479.

